Conclusion-Critical closing pressure, although sensitive to variations in ICP and CPP, cannot be used as an accurate estimator of these modalities with acceptable confidence intervals. The diVerence CCP−ICP significantly correlates with cerebral autoregulation, but it lacks the power to predict outcome after head injury. (J Neurol Neurosurg Psychiatry 1999;66:606-611) 
The versatility of transcranial Doppler ultrasonography (TCD) has encouraged imaginative applications in intensive care of patients with head injury. Although the blood flow velocity (FV) cannot express baseline volume flow, 1-3 the dynamic changes of CBF are usually reflected in the TCD readings. 1 The response of FV to a critical decrease in CPP is sensitive, and usually immediate. DiVerent methods for continuous analysis of TCD waveform have been reported before, such as analysis of pulsatility index, 4 vascular impedance, 5 6 and slow waves. [7] [8] [9] The concept of "critical closing pressure" (CCP) was first described around 50 years ago by Burton. 10 He developed a theoretical model demonstrating that small vessels can collapse when the arterial pressure approaches a critical value, defined as CCP. In the cerebral circulation this value, according to Burton's model, should be equal to the sum of intracranial pressure (ICP) and a component proportional to the active tension of vascular smooth muscle: 11 CCP= ICP+tension of arterial walls More recently a method for the calculation of CCP using transcranial Doppler ultrasonography has been proposed by Aaslid. 12 He suggested that the intercept point of a regression line between arterial systolic and diastolic pressure plotted along the x axis and the systolic and diastolic values of blood flow velocity in the middle cerebral artery plotted along the y axis, can be used for the estimation of CCP (fig 1) . Michel et al 13 have recently presented an alternative method for the calculation of CCP, based on the first harmonics of the pulse waveforms of arterial pressure and blood flow velocity.
However, this promising and non-invasive methodology has not yet been fully evaluated. The studies reported by Panerai et al 14 15 and Michel et al 16 in newborn babies have not explored the correlation of CCP with ICP or clinical variables, except to postulate that CCP may be useful for monitoring the cerebral haemodynamics or the state of autoregulation.
Our aim was to study CCP in adult patients with head injury. In particular, the following questions were considered:
What is the typical reaction of CCP to intracranial hypertension and arterial hypotension or hypertension? Does CCP depend on cerebral autoregulation, cerebrovascular resistance, and other established indices of cerebral haemodynamics?
How does CCP compare with the severity of injury and outcome?
Materials and methods

PATIENTS
Ninety eight patients with head injury admitted to the neurointensive care unit in Addenbrooke's Hospital with a mean Glasgow coma score<8 (range of admission score was 3 to 13) were studied. There were 30 females and 68 males, age range 14-76 years (mean age 38 years). All patients were paralysed, sedated, and ventilated to achieve mild hypocapnia. Alternating colloid and normal saline infusions, with addition of inotropic agents (infusion of dopamine with a rate of 2-15 g/kg/minute) were used selectively to prevent arterial hypotension causing reduction of cerebral perfusion pressure (CPP)<60 mm Hg. Boluses of mannitol (200 ml of 20%, over a period of 20 minutes or longer) were given to manage rising intracranial pressure>25 mm Hg.
Outcome was assessed at 6 months after injury.
MONITORING
Arterial pressure (ABP) was monitored directly in the radial or dorsalis pedis artery (System 8000, S&W Vickers Ltd, Sidcup, UK). Intracranial pressure (ICP) was monitored continuously using a fibreoptic transducer (Camino Direct Pressure Monitor, Camino Laboratories, San Diego, CA, USA). The catheter tip was inserted into the frontal region intraparenchymally.
The middle cerebral artery (MCA) blood flow velocity was measured (PCDop 842 Doppler Ultrasound Unit (Scimed, Bristol, UK; used in 86) or Neuroguard (Medasonics, Fremont, CA, USA; used in 10 patients) transcranial ultrasonographs) daily for a period from 20 minutes to 4 hours starting from the day of admission either until discharge or day 8 after head injury. The reason for using material acquired with two diVerent ultrasonographs can be justified by laboratory assessment (four healthy volunteers) where no diVerence in averaged systolic/diastolic blood flow velocity recorded using both machines was found, exceeding variability described in the literature. 17 It is worthwhile mentioning that PCDop 842 is unable to measure flow velocity>200 cm/s. The limitation for Neuroguard is 400 cm/s. Therefore the PCDop 842 is not recommended for use in patients in whom cerebral vasospasm is suspected. In fact, with PCDop 842 a the depth of insonation was always adjusted to obtain an undistorted waveform (avoiding sections of potentially spasmic MCA in which momentary flow velocity exceeded 200 cm/s). It seems to be acceptable for studying CCP, as vasospasm aVects pressure-flow conditions in the basal arteries to an extent which is diYcult to estimate without precise and invasive measurement. 3 The recordings were undertaken during periods of stable respiration undisturbed by physiotherapy, tracheal suction, or other nursing interventions.
DATA ANALYSIS
Analogue outputs from the pressure monitors and the TCD ultrasonograph (maximal frequency envelope was used) were connected to an IBM PC laptop computer (Amstrad ALT 386 SX, UK) fitted with an analogue to digital converter (DT 2814, Data Translation, Marlboro, USA). Signals were sampled at a rate of 50 Hz and stored on the hard disk using specific software for the waveform recording (W Zabolotny, Warsaw University of Technology, Poland). Digital signals were then processed oV line using software developed in house (MC). Over 450 recordings were analysed. Time averaged values of ICP, ABP, CPP, (CPP=ICP−ABP), and MCA blood flow velocity (FV) were calculated using waveform time integration over 6 second intervals. From the same periods flow velocity systolic and diastolic (FVs and FVd), arterial blood pressure systolic and diastolic (ABPs, ABPd) as well as the fundamental harmonics of pulse waves of arterial pressure and flow velocity waveforms (A1 and F1 respectively) were calculated. The fast Fourier transform algorithm was used to calculate the power spectra of the waveforms.
Critical closing pressure was calculated from the 6 second intervals using two diVerent methods: The second formula, recently postulated by Michel et al 13 uses the first harmonics of ABP and FV pulse waveforms, rather than diastolic/ systolic values.
Pearson's moving correlation coeYcient between FV and CPP using 40 consecutive averages (Mx) was computed every 6 seconds; Mx has been previously reported to characterise cerebral autoregulation. 9 A positive value of Mx signifies a positive association between slow waves of FV and CPP, which can be interpreted as a disturbed autoregulation, whereas zero or negative values of Mx have been shown to signify good autoregulation.
For statistical analysis, data from every recording were time averaged and then averaged again for multiple recordings performed in the same patients, hence producing one averaged value per patient.
Rank correlation coeYcients were calculated to investigate the statistical significance of associations between diVerent variables; correction for multiple comparisons has been performed. Analysis of variance (ANOVA) and simple regression were used to illustrate the nature of the relation between selected variables.
Results
CALCULATION OF CCP
The mean value of CCP1 was 26 mm Hg and for CCP2 it was 28 mm Hg; the diVerence was not significant. The correlation coeYcient between CCP1 and CCP2 was 0.86 and was highly significant (p<10 -6 ). The dependence between CCP1 and CCP2 was best described by a linear model (fig 2) . The absolute diVerence between CCP1 and CCP2 was independent of the state of autoregulation, outcome, ICP, CPP, or FV. The diVerence decreased significantly with age (R=−0.26; p<0.05). The method for CCP calculation based on fundamental components of FV and ABP waveforms (CPP2) was used for further analysis and denoted for simplicity as CCP.
TIME RELATED CHANGES OF CCP: CLINICAL
OBSERVATIONS
During refractory intracranial hypertension (n=3) increases in both CCP and the diVerence CCP−ICP were directly related to increase in ICP ( fig 3A) .
During plateau waves of ICP (n=8 recordings) CCP followed the pattern of ICP whereas the diVerence CCP−ICP decreased ( fig 3B) .
Arterial hypotension ( fig 3C) seemed to decrease CCP. This was not always associated with a decrease in ICP, as in some instances ICP increased. The diVerence CCP-ICP also decreased but not as consistently.
Both CCP and CCP-ICP replicated B waves seen in ICP (fig 3D) .
CORRELATION WITH OTHER VARIABLES AND CLINICAL PARAMETERS
The , calculated as running (over 4 minutes) correlation coeYcient between slow waves in FV and CPP; GOS-outcome, dichotomised 1-favourable, 2-unfavourable; GCS=Glasgow coma score on admission. * Correlation significant at p<0.05; multiple comparison correction has been taken into account. The relation between CCP and ICP, although significant, indicated that CCP is an inaccurate estimator of ICP (fig 4) , with 95% CI for predictors of 27 mm Hg. Better correlation could be shown between the diVerence ABP−CCP and CPP (R=0.57; n=98), although the 95% CI for prediction was still as high as 25 mm Hg.
The diVerence between CCP and ICP was significantly (p<0.0002) associated with the state of cerebral autoregulation described by index Mx (fig 5A) .
Similarly, the association between CCP-ICP and cerebral perfusion pressure was highly significant (p<0.0001, fig 5) .
Discussion
The idea of critical closing pressure measurement in head injury proved to be an intriguing concept; however, there is still much uncertainty about its interpretation.
It is diYcult to judge which method of CCP calculation is better. Both CCP1 and CCP2 were closely correlated, although in individual patients the absolute diVerence between these two estimators was as high as 20 mm Hg. The CCP2 theoretically allows for better accuracy when the arterial pressure transducer used has a limited frequency response, or when arterial pulse pressure, usually measured in the radial or dorsalis pedis artery, diVers from the pulse pressure which would be measured in brain basal arteries.
CCP seems to react to time related variations in mean ICP, but individual variability of the CCP makes prediction of ICP unreliable with a 95% error range of ±27 mm Hg. Prediction of CPP using the diVerence ABP−CCP showed a similar prediction error. As the value of CPP is much higher than ICP (over five times higher in this studied group of patients), the estimation of CPP using critical closing pressure seems to be relatively more accurate than an estimation of ICP.
A significant correlation between critical closing pressure and both ICP and ABP indicates that CCP may be useful for monitoring haemodynamically relevant incidences of intracranial hypertension or arterial hypotension.
Whether the diVerence between CCP and ICP is proportional to cerebrovascular tone still remains problematic. The diVerence showed a consistent decrease during plateau waves, theoretically caused by arterial vasodilatation. 18 On the other hand, during refractory intracranial hypertension CCP-ICP usually increased, moreover, the calculated value may become negative.
CCP-ICP decreased significantly when CPP decreased, which may be interpreted as an eVect of cerebral vasodilatation. Similarly, CCP-ICP was significantly correlated with the index of autoregulation (Mx), exhibiting lower values when autoregulation was worse. It can be speculated that disturbed autoregulation in this cohort of patients was predominantly associated with maximal vasodilatation, which could support an early hypothesis 10 11 that the value of CCP-ICP reflects generalised muscle tone in arterial walls. On the other hand, the diVerence of CCP and ICP did not correlate with clinical outcome after head injury. So far all indices of pressure autoregulation, both derived from TCD as Mx 9 and transient hyperaemic response, 19 from waveforms of ICP and ABP, 20 or CO 2 reactivity 21 proved to correlate with outcome. Therefore, even if CCP−ICP provides some information regarding the tone of the cerebral arterial bed and, indirectly, cerebral autoregulation, it still lacks clearly defined clinical significance.
Another interesting concept might be that the diVerence CCP−ICP may express pathological changes of vascular tone such as cerebral vasospasm or vasoparalysis. Unfortunately, the group of patients studied did not include clearly confirmed cases of posttraumatic vasospasm. The reason for that could be purely technical; the TCD ultrasonograph used (PCDop 842, SciMed, Bristol, UK) was unable to record momentary flow velocity >200 cm/s. Therefore a section of MCA with undistorted flow velocity pulse waveform was always chosen for insonation.
On the other hand patients with average ICP>30 mm Hg, in whom the incidence of vasoparalysis was possibly greater, had CCP−ICP values significantly reduced (−8 mm Hg for group with ICP>30 mm Hg versus 10 mm Hg for the group with averaged value of ICP<30 mm Hg (p<0.00001)). Similarly significantly lower values of CCP−ICP (p<0.0001) were noted in a group of patients in whom transmission of slow waves of ABP to ICP was shown to have a passive character which may be another independent indicator of vasoparalysis.
20
Conclusion
Although critical closing pressure correlates with ICP, CPP, and cerebral autoregulation in patients with head injury, it did not correlate with outcome after head injury. Critical closing pressure reacts sensitively to short lasting waves of ICP and ABP, including plateau and B waves.
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